One of the major barriers to gasification is the need for elimination of tars that are generated in thermochemical conversion processes. While metal catalysts can be used for tar decomposition, and cheaper alternative is char. Deactivation of char catalysts has been studied and these deactivation rates have been applied to a model for a gasification system. The calculations and experimental data presented here show that if the char from a gasifier is recycled to a tar reformer then some char deactivation will take place, but the activity will not fall below 40% of its initial activity. The energy penalty for diverting char, a potential heat source, to a catalytic reactor has been accounted for. This was done by comparing the heating value of char to the heating value of syngas generated from reforming tar using the char as a catalyst. At high gasification temperatures, when tar production in the gasifier was low, the char had a higher heating value than the syngas that was produced from tar reforming. At low temperatures, the heating value of the syngas exceeded that of the char combustion, which implies an overall energy benefit.
INTRODUCTION
Gasification is considered to be a viable option for recovery of energy from waste or biomass. This process involves heating a solid fuel, such as coal, waste, or biomass, in the presence of an oxidant to generate synthesis gas, which is primarily composed of CO and H 2 . The oxidants that are most commonly used are H 2 O, O 2 (air), and CO 2 . The main benefit of gasification is the ability to produce fuels or chemicals from the synthesis gas via Fischer-Tropsch synthesis, or electricity and/or heat. Therefore, gasification is a way to produce conventional fuels from unconventional energy sources.
One of the major barriers to commercialization of this technology is the need for an effective method to decompose tars. Tars are liquid organic hydrocarbons that are formed during the gasification process from thermal decomposition of the solid fuel under oxygen-lean conditions. These compounds can break down downstream and form carbon deposits, or can cause clogging in equipment.
Tar can be decomposed catalytically via steam reforming.
However, tars cause significant catalyst deactivation therefore catalysts used should be cheap and replaceable.
It has been shown in literature that char from biomass gasification can be used as a catalyst for tar decomposition [1, 2] . One major issue with using char as a catalyst is that char decomposes at lower temperatures than conventional metal catalysts. Therefore, in the operating regime of tar reformers (~700-800 o C) char is more likely to decompose than metal catalysts such as nickel or platinum. This paper studies the decomposition of char in this temperature regime as well as the deactivation rate when the char is catalyzing hydrocarbon cracking reactions. This will help to understand its stability at high temperatures.
Another issue with using char as a catalyst is that char is a combustible solid that could be used for process heating (for example, for providing heat to the gasifier or downstream gas cleanup). So, the char should not be considered to be a waste product. Therefore it is important to understand the energy penalty for diverting this char from possible heating applications in order to use it in catalytic processes. In this paper, we compare the energy contained in the char to the energy of the syngas that can be produced if the char reforms steam into syngas. This will help to understand if the use of char as a catalyst for tar reforming is beneficial to the overall energy balance of the process.
EXPERIMENTAL
Experiments presented in this paper were done using char that was generated in a fluidized bed reactor. The details Proceedings of the 20th Annual North American Waste-to-Energy Conference NAWTEC20 April 23-25, 2012, Portland, Maine, USA on this setup are described in a previous publication [3] . The stability testing of the char was done in a thermo gravimetric analyzer (TGA, Netzsch model # STA449). The reactivity of the char was tested by exposing the char to CO 2 at 800 o C to enable the Boudouard reaction to take place. The mass loss and temperature were measured continuously. The TGA was coupled to an Agilent 3000A micro gas chromatograph (microgc) and separation was done using a molecular sieve 5A column. The column was coupled to a thermal conductivity detector (TCD), which measured CO production. The TGA was also used to measure the deactivation of the char. This was done by introducing CH 4 into the TGA at 750 o C for 3 hours. Mass gain represents reaction rate, as discussed in the discussion section of this paper. The composition of the char was analyzed using energy-dispersive x-ray spectrometry (EDX) coupled with an Environmental Scanning Electron Microscope (ESEM, FEI XL30). Details of the calculations presented in this paper are outlined in the discussion section.
DISCUSSION

Char catalyst deactivation
Char deactivation was studied for the methane cracking reaction. Deactivation is a common problem with catalysts and must be considered when designing catalytic processes. It is particularly relevant for the system described here, since our data has shown that the char contains both catalytic metals and reactive carbon. The metals are most likely the primary catalytic component in the char. This was observed during an experiment where the char was exposed to propane at 900 o C in a TGA. Propane was broken down into solid carbon, H 2 , and possibly other hydrocarbons. The mass gain suggests that solid carbon deposited on the surface. After the experiment, the char was viewed in an ESEM coupled with EDX. In the raw char that had not been used as a catalyst, iron sites were detected on the surface of the char. After the char had been used to catalyze propane decomposition, carbon deposition was detected on the iron, indicating that this is a primary catalyst site. El-rub et al. compared the catalytic activity of ash to char and found the activity of the char to be higher than that of the ash [1] . This suggests that the carbon support enhances the activity of the catalyst while the metals are the primary catalytic sites. The active lifetime of the char will be highly dependent on the rate of deactivation of the metal sites and the possible loss of carbon support during reaction.
In this work, the deactivation rate of the char catalyst was measured in a TGA. The char was heated to 750 o C in the presence of methane and the char catalyzed the decomposition of methane according to Equation 1. The mass gain is proportional to the reaction rate, since the reaction forms carbon on the catalyst surface. 2 4 2H C CH  
Equation 1
The reaction rate over time is shown in Figure 1 . The reaction rate was calculated according to Equation 2, assuming zero order kinetics. The reaction rate decreases over time, which reflects catalyst deactivation. Two clear regions of deactivation are observed -and initial rapid deactivation followed by a second regime of more gradual deactivation. Deactivation rate is calculated to be the slope of the line, which is the rate at which the reaction rate is decreasing. The deactivation rate for regimes 1 and 2 were -2.2x10 -3 mmol (g char -1 )(h -2 ) and -1.1x10 -3 mmol (g char -1 )(h -2 ), respectively. In order to understand how these deactivation rates relate to a gasification process, a gasifier is modeled where all of the char is recycled to be used for tar decomposition. The system described by Carpenter et al. is used to obtain relative amounts of tar and char [4] . The char yield was measured to be 22% and the tar yield was 10%. In that process, mixed wood was gasified with steam at 650 o C and a thermal tar cracker downstream was used at 875 o C. After the thermal cracker, some tars remain and the catalytic decomposition of these tars is studied here.
In this calculation, a fixed bed of char is placed downstream of the gasifier. The conversion rates of char were calculated based on the conversion rates that were measured for methane. A paper by Wang et al. measured the kinetics of catalytic steam reforming of methane and toluene and reported the rate of methane reforming to be approximately 1.6 times the rate of toluene reforming [5] . Toluene is a major component of tar, so it is reasonable to assume that toluene reaction rates are similar to that of tar. The kinetics that were measured for methane cracking, as shown in Figure 1 , were divided by 1.6 in order to achieve reasonable kinetics for toluene decomposition. This calculation gives an initial reaction rate of 3.82x10 -3 mmol (h -1 ) (g char -1 ). The objective is to determine if the amount of char generated will convert all of the tar that is generated, or if the deactivation rate is so rapid that all of the tar cannot be converted with the amount of char produced in the gasification process. In this calculation a time frame of one day and a flow rate of 1kg/h of biomass was selected (in other words, the char that is produced in one day is placed in a downstream tar reformer). This system produces 5.28 kg of char per day and a fixed bed reactor with 5.28kg of char and 0.1 kg/h of tar is modeled. The amount of tar that can be converted before the char reaches regime 2 of deactivation was calculated according to Equation 3 . 
(
The result of the calculation outlined in Equation 3 shows that during regime 1 deactivation, the char generated by the reactor modeled here can reform 29 kmol of tar. The total tar generated over one day was calculated to be 26kmol. This indicates that for the char to tar ratios of this reactor, the char will not reach regime 2 deactivation. Therefore, recycling the char has the capacity to reform tar and the activity of the char will not fall below 40% of its initial activity. While the ratios of tar to char will vary based on gasification conditions, this calculation suggests that the reactivity of char is on a reasonable scale for conversion of tar.
Energy Balance
The energy penalty for diverting char from possible heat recovery is considered. The energy available by combusting the char is compared to the energy of synthesis gas that would be generated from tar reforming. This is done by comparing the heat of combustion of char to the heating value of the syngas that would be obtained from tar conversion. The two systems considered are shown in Figure 2 . Both literature data and our own data are used to complete this analysis. Relative char and tar production rates are taken from a paper by Gomez-Barea, where wood waste was pyrolyzed at different temperatures (750-900 o C) and the amount of tar, char, and gas was measured [6] . The conversion of tar is obtained from a paper by Abu Elrub et al. where char was used as a catalyst to reform phenol, a model tar compound, and 81.6% conversion was achieved at 700 o C in the presence of steam and CO 2 [1] . In our energy balance energy inputs to the steam reformer should also be accounted for. If the char is placed downstream of the biomass in the gasifier, then the catalytic reformer would not require additional heating, since gasifiers typically operate around 700 o C or higher. However, the heat of reaction must be accounted for, therefore the enthalpy for steam reforming of toluene has been included, according to Equation 4. Steam reforming is typically used to decompose tars, and, since biomass contains water, the steam will be available in the reactor. The energy recovery from reforming the tar is calculated according to Equation 5 , where the enthalpy of the reforming reaction is subtracted from the heating value (heat of combustion) of the gasification products.
A.
B. The heating value of the char was calculated according to Equation 6 , where the heat of combustion of char was -27.9 kJ/g [7] . This value is for char containing approximately 90% carbon. The carbon content of the char generated from gasification experiments was measured to be approximately 90%, therefore this heating value is appropriate for this system. The pyrolysis system that is used for this example produces ~20% char, and this value did not vary significantly with temperature. The concentrations of tar were highly dependent on temperature. Gomez-Barea et al. report the percentage of biomass that is in the char, gas, and total condensate, where total condensate includes water. Typically wood contains about 5% water, so 5% of the condensate was considered as water and the remaining condensate was said to be hydrocarbons. The amount of energy that could be recovered from the char and the syngas (from tar conversion) is shown in Figure 3 . At 750 o C, condensate was reported to be ~23% whereas at 900 o C, condensate was reported to be only ~10% so significantly less syngas would be produced by reforming tar from high temperature pyrolysis systems. Low temperature systems generate more tars, and therefore more syngas could be recovered from tar reforming. Therefore, at 750 o C the energy value of the syngas from tar reforming is higher than that of the char combustion.
At higher temperatures, the heat of combustion of char is higher than that of the syngas produced. Although the objective of this study is to develop an understanding of the energy penalty for using char as a catalyst for tar decomposition, it does not absolutely determine if the use of char in this application is beneficial. For example, there is an economic benefit to using char in place of metal catalysts, or high temperature thermal conversion systems. This is not reflected in the energy balance. Figure 3 . Heating value of char compared to heating value of synthesis gas generated from tar reforming with a char catalyst.
Our research has shown that the char is not completely stable and will decompose at high temperatures, specifically in the presence of steam or CO 2 . Therefore, using char to catalyze the decomposition of tar can also result in additional energy recovery by converting some of the carbon in the char into CO. This can be seen in Figure 4 , where char was exposed to CO 2 at 800 o C in a thermo gravimetric analyzer. Mass loss of the char was measured, which is attributed to conversion of carbon to CO via the Boudouard reaction. The production of CO was measured with a micro-gc which confirmed that CO was produced, as shown in Figure 4B .
CONCLUSIONS
Char is being considered as a catalyst for decomposition of tar in biomass gasification systems. This paper studies the deactivation of char during catalytic applications and two deactivation regimes have been identified. The catalyst activity data was used to model a system where char from the gasifier is recycled to reform the tar. The catalytic activity was sufficient to reform the tar before regime 2 deactivation occured. The energy penalty for diverting the char from possible process heating applications to syngas conversion was also studied. The energy value of the syngas that would be generated is greater than the heating value of char at 750 o C. At higher temperatures, when less tar is formed, the heating value of the syngas is lower than that of the char. 
